In order to improve the shielding performance of the underbody protective structure of military vehicles when subjected to explosive events, a multi-layer honeycomb sandwich structure is proposed. Full consideration of the computing response of the underbody protective structure under blast loading is a large-scale and strongly non-linear problem; a reasonably simplified finite element model is constructed in this paper. LS-DYNA software was employed to simulate blast loading by using the *LOAD_BLAST equation and to compute the dynamic responses of the vehicle; then, full-scale experiments were performed to validate the accuracy of the numerical simulation. The geometric dimensions and the shape parameters of the multi-layer honeycomb sandwich structure are selected as the design variables, thereby establishing a response surface and a mathematical optimization model by employing the design-of-experiments method. A Pareto spatial optimal set is obtained by applying a multi-objective genetic algorithm. Eventually, using the normalboundary intersection algorithm an optimum design was obtained, which can apparently enhance the shielding performance of the underbody protective structure of military vehicles without increasing the mass.
Introduction
Nowadays, growing numbers of countries are carrying out anti-terrorist and peacekeeping types of asymmetric warfare around the world. For anti-terrorist asymmetric warfare and urban asymmetric battle, armoured vehicles are still the most important equipment for army troops. In general, these armoured vehicles have a high mobility and a good protection ability; however, the main threats that these armoured vehicles face are from landmines and improvised explosive devices. 1 Some researchers have made valuable research studies (such as small-scale numerical simulations and multiobjective optimization) on the underbody protective structure of military vehicles. Ramasamy et al. 2 discussed improvised explosive devices and anti-vehicular mines and described the working principle and the mechanism of damage to vehicles and occupants. Grujicic et al. 3 also performed similar importantg work. Computational analyses of the finite-element-based transient non-linear dynamics were employed to address the performance of a high-mobility multipurpose wheeled vehicle and the ability of the vehicle to survive the detonation of a landmine which was shallow buried in sand underneath the right wheel of the vehicle. The computational results obtained were compared with general field-test observations and data in order to judge the physical soundness and fidelity of the present approach. Studies have been performed on the ability of different measures (e.g. up-armouring, seat cushion or seat belt restraint systems) to protect the occupant(s) of a prototypical high-mobility multi-purpose wheeled vehicle in the event of an anti-vehicle mine detonation under the right front wheel of the vehicle, and a comprehensive finite-element-based computational investigation was carried out; different injury criteria were employed and computation data were compared with the limiting values corresponding to the critical levels of injury. 4 Gopinath et al. 5 researched the occupant head response in an infantry vehicle under two separated loading conditions: first, blunt impact conditions and, second, blast loading conditions. A Hybrid III dummy body integrated with a previously validated human head model was used as the surrogate. The biomechanical response of the head was studied, and the simulation results showed that, if the seat and the internal surface of the infantry vehicle were designed properly, they can play a vital role in reducing the risk of head injury in different conditions. Sun et al. 6 applied simulation technology that combined modelling of the blast loads from the landmine explosion and viewed the responses of the vehicle to the blast load and the loads developed on the limbs of an occupant as important factors in this effort. Then, simulations of the landmine explosion were validated by comparing the simulation results with test data collected by gauges placed in the ground and above the ground. Good correlation was demonstrated between the simulation methods and the test data. Guo et al. 7 analysed the responses of the floor plate of the vehicle cabin and of its occupants subjected to the blast by using numerical and experimental methods, and comparison of the results showed good agreement between the numerical simulations and the experiments. Fichera et al. 8 aimed to describe numerical models that simulate landmine explosion and blast loading on the structures, using different approaches, namely an arbitrary Lagrangian-Eulerian mesh and a pure Lagrangian mesh. For the arbitrary LagrangianEulerian simulations, three different cases were analysed, using a fluid-structure interaction algorithm to evaluate the effect of detonations against two structures, namely a steel plate and a human leg; the results showed that the numerical model realized is able to reproduce, with a good level of accuracy, the detonation event and the consequences on different structures. One typical protective structure is a V-type mechanism installed under the bottom of the vehicle, for this kind of protective structure. Kendale et al. 9 carried out a theoretical analysis and experimental research on the ability of a V-type mechanism to protect vehicles; the results indicated that the V-type structure has a good ability to bias and weaken the shock wave which is generated from the explosion and it has already been widely used by protective vehicles. Another protective structure is a sandwich structure set under the bottom of vehicles; an appropriate space must be maintained between the two layers of armour plate to enable it to be filled with some plastic material, such as aluminium foam or aluminium honeycomb, which has an excellent energy-absorbing capacity to reduce the deformation and the vertical acceleration of the structure that occurs when a mine explodes. Sriram and Vaidya 10 studied the response of aluminium foam sandwich composites under a blast impact by using LS-DYNA software combined with reproducing the blast load by using the *LOAD_BLAST equation, reported its failure mode and found the weakness of the structure. Gibson and Ashby 11 systematically studied the static mechanical properties of honeycomb material. In 1998, Mines et al. 12 presented low-velocity experimental results on polymer composite sandwich panels from two aspects: energy absorption and failure. The effects of the impact velocity and the punch quality on the structural response were discussed. Subsequently, they pointed out that the energy absorption of polymer composite sandwich panels increases with increasing impact velocity. Zhang et al. 13 presented an analytical study of the in-plane dynamic crushing and energy absorption of hexagonal honeycomb structures with density gradients under different impact loadings; the numerical results showed that, except for the impact velocity, the dynamic crushing performance and the energy absorption abilities of honeycomb structures also rely on the density and strength gradients. The failure initiation and propagation properties of honeycomb sandwich composites were studied by Othman and Barton; 14 the results showed that a honeycomb structure with a surface was an improvement irrespective of the properties of mechanical or energy absorption in comparison with a pure honeycomb-core structure. Taylor et al. 15 proved that a double-layer honeycomb structure had a better performance in shielding a shock wave than a single-layer honeycomb structure did. In order to minimize the mass and to maximize the energy efficiency of honeycomb core sandwich panels, Martı´nez-Martı´n and Thrall 16 proposed a multi-objective optimization procedure to optimize the performance of the honeycomb sandwich materials.
However, in the studies mentioned above, almost all researchers carry out numerical simulations for only one specific structure or small-scale experiments to test the protective performance subjected to blast loading. This paper investigates further the research achievements of previous workers. For multi-layer honeycomb sandwich protective structures, full-scale vehicle tests were made, and some valuable experimental data were gained; then, a mathematical optimization model was constructed, and a Pareto solution set was obtained; finally, the optimal design combined with the normalboundary intersection (NBI) algorithm was found. The research work in this paper is extremely important for improving the capacity of armoured vehicles in order to withstand explosive events and to protect soldiers as much as possible; many countries are gradually paying attention to the under-body protection capacity of armoured vehicles and are investing a large labour force and financial resources in this research field.
Blast simulations

LOAD_BLAST function
ConWep is an application of the empirical blast model obtained in the studies by Kingery and Bulmash. 17 Then, in 1997, Randers-Pehrson and Bannister 18 improved ConWep and defined an equation for the pressure load generated from a conventional explosive detonation, called *LOAD_BLAST. The *LOAD_BLAST function incorporates ConWep. 19 The pressure load P is given in terms of the normal incidence pressure P 1 , the side-on incidence pressure P 2 and the angle u of incidence according to
The resultant pressure load accounts for the normal incidence and the oblique incidence respectively. The *LOAD_BLAST function incorporates the Friedlander equation
where P 0 is the peak overpressure, a is the dimensionless wave form parameter and t 0 is the positive phase duration time, and the Hoffman scaling law
where Z is the scaled distance, R is the distance from the centre of explosion and W is the weight of explosive.
Equation of state of the explosive material
The equation of state 8 of the explosive applied to describe the numerical models of an explosive, which expresses the pressure as a function of the density and the energy, is crucial. Previously, different theoretical and empirical approaches have been developed to describe the explosions and the behaviour of the gas produced during the detonation. The Jones-WilkinsLee equation of state, which is implemented in LS-DYNA, is the most commonly used because of its simplicity. Moreover, a relevant number of highly explosive materials are represented well using this equation, which defines the pressure as
where v is the relative volume, E is the internal energy and A, B, v, R 1 and R 2 are the input constants.
Optimization
Multi-objective genetic algorithm
In comparison with the single-objective optimization problem, the fundamental difference from the multiobjective genetic algorithm (MOGA) is that its result is a set of optimum solutions rather than simply a unique solution; we call this set of optimal solutions the Pareto optimal sets, 20 and any solution within the Pareto optimal sets is a feasible design The mathematical definition of the multi-objective optimization problem (MOP) which is commonly adopted in the MOP domain is 21 Minimize
Subject to e(x) = e 1 (x), e 2 (x), . . . , e m (x) ð Þ 40 ð5Þ
where x is the n-dimensional design variable, X is the feasible solution set, y is the target vector, Y is the objective space consisting of y, e(x) is the constrained condition, m is the number of variables in the target response function and n is the number of variables in the constrained condition.
Normal-boundary intersection algorithm
Das and Dennis 22 have developed the NBI. The NBI and its derivative method have the advantage of high adaptability and are applied to solve the MOP in n-dimensional space (e.g. for n5 2). The NBI algorithm is defined by
where N i is the standardized result of the ith optimization object in the Pareto set, b u is the maximum standardized bound, b 1 is the minimum standardized bound, O i is the Pareto solution of the ith object and O i_max is the maximum of the ith object in Pareto set. Also,
where m is the number of variables in the target function in multi-dimensional space and R 1 , R 2 and R + N (i.e. p = 1, 2 or + N) can be implemented as the search radius (R 2 is applied in this paper). Therefore, the Pareto search radius can be computed from equation (7).
Numerical model
Finite element model
If we consider a specific type of military vehicle as the research object, in its frameless body the lowest part of the vehicle is the floor beneath the occupant; an explosive was located in the centre of the bottom of the vehicle. When this is detonated, the occupant is mainly subjected to a vertical impact load from the floor, and the other parts of the vehicle have little influence on the response of the floor from the explosive blast under the car. Thus, a full-scale model is reasonably simplified so that the computation time can be dramatically decreased. The numerical model after simplification is shown in Figure 1 . A half-model is constructed, for which additional mass was appropriately distributed around the whole model. Then, the total mass of vehicle model matches the full-load working conditions well. A blast load was applied by using the *LOAD_BLAST equation in LS-DYNA. During the whole simulation process, the heat effect and the failures of soldered joints are not considered. Moreover, in order to evaluate the damage caused by the explosive blast according to AEP-55, Vol 2, 23 a Hybrid III 50th percentile dummy was used in the model.
The material used for the multi-layer honeycomb structure is AA3003 aluminium alloy, and its mechanical properties are shown in Table 1 . The top and bottom steel plates are attached to the honeycomb structure by co-node; the plates are made from bulletproof steel and some properties of this material are listed in Table 2 . In LS-DYNA software, the keyword *CONTACT_SURFACE_TO_SURFACE is used to define the contact type; self-contact is also considered by using the keyword *CONTACT_AUTOM ATIC_SURFACE_TO_SURFACE. The whole honeycomb structure mesh uses shell elements. The trinitrotoluene (TNT) equivalent (i.e. the standardized equivalent mass of TNT which, if detonated, would produce the same energy discharge) is 4.5 kg. The Jones-Wilkins-Lee equation is applied as the equation of state to describe the charge, and its parameters are presented in Table 3 .
Full-scale experiment
In order to verify the accuracy of the numerical model, blast loading experiments were carried out on a fullscale vehicle which had a multi-layer honeycomb structure installed under it. The landmine had a cylindrical form, and its height-to-diameter ratio is 1 to 3; it is represented by a TNT equivalent of 4.5 kg. The landmine was located under the bottom centre of the vehicle and buried beneath the ground, 100 mm from the soil surface, and the total distance to the bottom of the vehicle was 500 mm; all the test conditions should meet the requirements of AEP-55, Vol 2, 23 as Figure 1 shows. A high-speed video camera was placed in front of the driver, so that the explosion process inside the vehicle can be fully recorded. A Hybrid III 50th percentile dummy was placed on the passenger seat with its feet naturally placed on the surface of floor; all sensors were suitably placed inside and outside the vehicle, as demonstrated in Figure 2 . Part of the measurement apparatus used in the tests is shown in Figure 3 . The displacement contour of the multi-layer honeycomb structure when subjected to an explosion using numerical simulations is presented in Figure 4 ; during the tests, this structure reached the largest Z-direction displacement. Moreover, the compressive displacement reached over 20 mm in the simulations, as well as in the tests. The form of the compression deformation in the multi-layer honeycomb structure in the numerical simulations was consistent with and showed the same trends as the test results, as shown in Figure 5 . The force-time history curve of the dummy's leg measured using the force sensor is almost identical with the simulation results, as shown in Figure 6 ; the predicted peak force is around 6892.3 N, which is just a little lower than the experimental peak force of 6930.0 N. The characteristics of the material used for the multi-layer honeycomb structure do not behave according to ideal conditions, because of the existence of manufacturing and machining errors. As Figure 5 shows, in comparison with the numerical simulations, the deformation of the multi-layer honeycomb structure is more irregular, and the degree of squeezing and the distortion are more severe in the tests. To sum up, the accuracy of the numerical simulations can meet the practical engineering requirements.
Optimum design
Optimization mathematical model
Using high-fidelity models is generally computationally expensive and the resulting responses tend to be noisy, and so the responses are often approximated by analytical mathematical functions or surrogate models. 24 The back plate, the aluminium honeycomb sandwich and the surface plate constitute a multi-layer honeycomb sandwich structure, as shown in Figure 7 .The optimization objective is to improve the performance of the anti-explosion shock without increasing the mass of the structure. In order to study quantitatively the shielding performance of the structure under blast loading, the first step is to construct the optimization mathematical model. In this paper, four objective functions are applied: the total mass m, the energy absorption E, the impact force F l on the dummy's left leg and the impact force F r on the dummy's right leg. During the optimization process, both the geometric dimensions and the shape of the structure are taken into account; thus, the design variables chosen for this research in Figure 8 are as follows: the thickness t 1 of the back plate; the thickness t 2 of the surface plate; the thickness t c of the aluminium honeycomb sandwich; the total distance h between the back plate and the surface plate; the width l of the cellular core.
Since the energy absorption f E (x) should be taken as the maximum in the objective function, therefore, the min f E (x) value has to be changed to be negative in the optimization process. The mathematical expression for the optimization problem is
f g s:t: Table 4 gives the lower bounds and the upper bounds of the design variables, as well as their initial values, and the initial values of each objective function are listed in Table 5 . The interactions of the five design variables for the objective function should be considered in this model; a five-factor and five-level orthogonal central composite design S 43 (5 5 ) is constructed. According to the 43 results from the simulations, the moving least-squares method is used to construct four response surface functions for m, E, F l and F r .
Optimization results
After the precise response surface functions were obtained, then the MOGA was run. This mathematical model is a four-dimensional MOP, with 500 nondominated points and 50 iterations; the mutation rate is 0.01 and the percentage of elite individuals in the population is 10%. The MOGA outputs a set of points that form the Pareto front; all blue full circles in Table 7 can be recognized as feasible solutions, and the decision maker can choose a reasonable design point in the Pareto set, by considering the combined practical requirements.
In fact, it is difficult to choose directly the appropriate design point from the Pareto set which was obtained owing to its large dimensions; therefore, the NBI algorithm is implemented to continue searching for the optimum solution within the already existing Pareto set. In order to make the solution point spread in a more concentrated way in the space surface, the standardized upper bound is set as b u = 1 and the standardized lower bound as b l = 0.2. The standardized equations according to equation (6) are
In the Pareto set, quite different optimization results are obtained if different optimization strategies are applied. In this paper, the four objective functions have no difference in their weightings; therefore, the search radius R 2 of each solution is computed from equation (7). It can be seen in Table 6 that the 133rd Pareto front has the minimum R 2 ; therefore, this 133rd Pareto front (shown by the red full circles in Table 7 ) is the optimum design which coordinates the four objective functions.
These optimum solutions are obtained from the response surface functions; they are verified later by numerical simulations to prove that the response surface functions have ideal accuracy. Errors for all four objective functions are acceptable; however, it can be seen in Table 8 that the optimum solutions are relatively accurate. A comparison between the initial design and the optimum design is given in Table 9 . Table 5 . Initial values of the objective functions.
Response of the following objective functions 
Conclusions
In the past few decades, the design of blast-resistant mechanical structures was mainly achieved by using experimental tests with explosives. Recently, numerical methods have been widely used because of their advantages: reduction in the high cost of tests; flexibility in application to different situations; decrease in the time required. Table 7 . The spatial curved surfaces of the Pareto optimal set and the ideal solutions. 1. The present study proposes a specific multi-layer honeycomb sandwich structure to improve the shielding performance of a military vehicle under an explosive blast; blast loading was simulated in LS-DYNA software. Full-scale vehicle experiments were carried out; we can conclude that the numerical simulation model has a good accuracy and similar trends to the tests. Furthermore, multi-objective structural optimization is performed. Five design variables were selected, including the geometric dimensions and the shape parameters. Four objective functions (the mass, the energy absorption, the peak load of the dummy's left leg and the peak load of the dummy's right leg) were chosen in order to evaluate the blast-resistant ability. The orthogonal central composite design S 43 (5 5 ) was applied to obtain 43 simulation results; then, these results were implemented to construct a precise response function for each objective function combined with the moving least-squares method. Pareto optimization was performed by the MOGA, to obtain the Pareto fronts. In general, each solution existing in the Pareto fronts is a feasible design. Nevertheless, if the optimization problem has large dimensions, it is much more difficult for the decision maker to choose a reasonable solution; thus, the NBI algorithm was innovatively applied to search for an optimum design within the Pareto fronts. 2. The results show that each objective was optimized to a different extent: the mass decreased by 6.64%, the energy absorption improved by 18.13%, the peak load of the dummy's left leg was smaller than that of the initial design by 17.60% and the peak load of the dummy's right leg was smaller than that of the initial design by 20.40%.
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